Introduction
A left ventricular assist device ͑LVAD͒ can effectively relieve some strain on a native heart that has been weakened by disease or damage, and allow sufficient blood flow to maintain normal physiologic function. The LVAD inlet is normally attached to the left ventricle and the pump output rejoins the native flow at the aorta. The clinical effectiveness of LVADs has been demonstrated; however, all of the currently available pumps are used only as a "bridge to transplant" because of the damage that they cause to blood and/or their limited mechanical design life.
Prior studies of both artificial heart valves and diaphragm-type pumps have related fluid dynamics to blood damage, including both hemolysis ͑red blood cell damage͒ and thrombosis ͑clotting͒. Hemolysis is associated with the exposure of blood to high shear stresses that causes the tearing of red blood cell membranes. Shear stress is an unavoidable property of viscous fluid flow, but can be minimized by a careful pump design that controls the levels of shear stress and the exposure time of blood cells to high-stress regions. Mathematical models to quantify hemolysis as a function of time and shear stress have been developed ͓1,2͔. These models may be used in conjunction with a measured velocity field to quantitatively evaluate the potential for hemolysis within a pump.
Thrombosis consists of a complex series of chemical and mechanical reactions that leads to the formation of a blood clot ͑thrombus͒. The clotting cascade is initiated by the activation of platelets and concludes with the adherence of platelets and leukocytes to the endothelium ͑in native vessel tissue͒, to a foreign substance ͑in the case of a prosthetic͒, or the formation of bloodborne thromboemboli. Thrombosis is dependent on surface material properties, but it is also related to fluid dynamics. It has been shown that regions of stasis ͑stagnant flow͒ and low shear at the blood/material interface are more prone to thrombus formation, particularly if these regions are located immediately after a region of high shear stress ͑which may mechanically activate platelets͒ ͓3,4͔. Thrombosis, like hemolysis, is a function of the detailed fluid structure within the pump. Attached thrombi are not necessarily harmful, but when thrombi become detached from the material surface ͑thromboembolism͒ or grow so large that they burst and release material into the blood stream ͑thrombolysis͒, the resulting embolisms can have serious consequences. Thrombus formation and subsequent embolism is perhaps the most difficult obstacle to long-term artificial circulatory support ͓5͔.
Current state-of-the-art LVADs are magnetically suspended rotary pumps. They have only one moving part ͑the pump impeller͒, which has no contact with any fixed parts. This increases design life over diaphragm-type pumps by eliminating wear and the inclusion of flexible materials, which tend to become brittle and fail with age. Further, these pumps are capable of greatly reducing the regions of stagnant or high shear flow that surround a mechanical or fluid bearing. Because both hemolysis and thrombosis are related to fluid dynamics, understanding the fluid behavior inside these new rotary pumps is critical. To date, however, only limited quantitative measurements of the flow field within rotary-type magnetically suspended LVADs have been made.
Several published reports of qualitative flow visualization ͓6͔ and quantitative velocity measurements in industrial-sized rotary pumps are found in the literature. Quantitative measurements of velocity in industrial-sized pumps include studies using laser Dop-pler velocimetry ͑LDV͒ at both design ͓7͔ and off-design points of the flow within the blade passage ͓8-10͔ and exit volute ͓11͔. Particle image velocimetry ͑PIV͒ has been used for quantitative measurements of steady flow within the inlet ͓12͔ and the exit volute ͓13͔ of an industrial-sized centrifugal pump and used to investigate the effect of varying the shape of the cutwater ͓14͔ in one study.
Qualitative ͓15,16͔ and quantitative LDV ͓17͔ and PIV techniques have been used to measure the flow within the pumping chamber ͓18͔ and in the inlet and outlet regions ͓19,20͔ of diaphragm ͑not rotary͒ LVADs. Qualitative flow visualization has been used frequently in the study of miniaturized rotary blood pumps of both centrifugal ͓21-23͔ and axial ͓24͔ configuration. Further, LDV has been used in rotary blood pumps in some instances ͓25͔, and PIV has been used for quantitative measurements in the outlet cannula of rotary-type pumps ͓26͔ and in the clearance region of the previous generation of the pump used in this study ͓27͔. In one study, particle tracking velocimetry ͑PTV͒, a quantitative technique closely related to PIV, was used to characterize the flow within all regions of a scale model of a miniature pump at one operating condition ͓28͔.
To date, published quantitative data regarding the details of the flow internal to rotary LVADs are limited in one of two ways. First, due to geometric and optical constraints, they do not include measurement within the blade passage. Secondly, they are limited to a single operating condition and are, therefore, not representative of the range of flow rates under which a rotary pump will operate when implanted.
In the current study, PIV was used to characterize the flow within a centrifugal LVAD under steady flow conditions. The measurements presented herein consist of the mean velocity field and turbulence statistics over the range of flow rates the pump is likely to experience when implanted. Measurements are reported in the inlet, blade passage, and exit volute. Also included is a prediction of the effects that specific flow features will have on blood damage.
Experimental Methods
LVAD and Flow Loop. The LVAD geometry investigated during these experiments was the second iteration of the fourth generation ͑CF4b͒ HeartQuest™ pump ͓29͔. Pumps with identical internal flow paths have been used in animal implant tests and modeled extensively with computational fluid dynamics ͑CFD͒ ͓30͔. The blood-wetted flow paths of the pump are shown in a cutaway view in Fig. 1 . In order to accomplish PIV measurements within the LVAD, a prototype pump that allowed for optical access into the interior of the pump was built, as described elsewhere ͓31͔. This pump was mounted on a shaft instead of suspended by magnetic bearings. This allowed control over the impeller position and construction of this test rig before the magnetic suspension system was completed. The impeller shaft had three small "teeth" located on the outer diameter that formed an interference fit with the inner diameter ͑ID͒ of the impeller. The teeth were 3 mm tall ͑axial direction͒ and obstructed less than 20% of the cross-sectional area of the back clearance gap over their axial height. Prior to these experiments, CFD simulations of the flow in the back clearance gap with and without these teeth were compared to confirm that the teeth did not affect the flow in the back clearance or in other regions of the pump.
The pump was part of a closed-loop system that allowed the flow loop resistance and pump rotational speed to be controlled. The pump flow rate and pressure rise were functions of the resistance and rotational speed. Details of the flow loop and measurements of the overall pump performance have been presented elsewhere ͓32͔. A LabView ͑National Instruments, Austin, TX͒ program displayed and recorded data measured from the flow loop, including: LVAD flow rate, ventricle flow rate, left ventricular pressure, aortic pressure, venous pressure, working fluid temperature, and rotational speed. LabView was also used to control the motor speed via a simple closed-loop feedback controller that maintained the pump operating speed to within ±1% of the requested shaft speed.
Fluid was delivered to the inlet elbow of the pump through a small reservoir and a straight inlet cannula ͑200 mmÃ 12.5 mmID͒. The angle between the inlet cannula and the y-axis was maintained at 25 degrees. In the implanted condition, the cannula is bent to fit the particular patient anatomy. This use of a straight cannula in the experiments provided a simple geometry upstream of the pump needed to create a reproducible inflow boundary condition for comparison to CFD and future experiments. The ID of the cannula was tapered to provide a smooth transition to the inlet elbow of the pump ͑12 mm ID͒. The cannula inlet was a reservoir of approximately the same volume as an adult left ventricle and the relative position of the inlet cannula in the simulated ventricle is the same as it is when implanted.
Selection of Operating Conditions. Because of the way in which the pump is attached to the human circulatory system when implanted, the flow through the pump varies with the pulsing of the native ventricle ͓33,34͔. Based on measurements of the global pump performance, a speed of 2100 rpm was selected as the nominal operating speed. When operating with a beating heart of weak strength at this rotational speed, the pump delivers a timeaveraged flow of 6 L / min with instantaneous flow rates varying from 3-9 L / min during each heartbeat. Because the pump operates over such a wide range of operating conditions during every heartbeat, the flow field at operating points other than the nominal flow rate of 6 L / min was investigated. All of the measurements presented herein are for steady flow rate through the LVAD; measurements of the fluid dynamics while operating with a pulsing ventricle are presented elsewhere ͓34͔. The pump was run at a constant speed of 2100 during all experiments. Between experiments, the systemic resistance was adjusted to vary the flow rate from 3 L / min to 9 L / min. Particle Image Velocimetry. PIV is a technique that measures the instantaneous velocity field within an illuminated plane of the fluid field using light scattered or fluoresced from particles seeded into the fluid ͓35͔. It differs from techniques called "flow visualization" in that PIV is quantitative. PIV measures the instantaneous two-dimensional velocity field illuminated by the laser sheet, unlike LDV, which is a single-point measurement. PIV has recently matured to a reliable technique that is used in a wide variety of applications ͓36͔.
A Kodak digital CCD camera, PIVCAM 10-30, was used for image acquisition. The camera is a 1008Ã 1008 pixel CCD with 8-bit resolution designed for very fast acquisition of two successive frames. For these experiments, the time separation varied from 75 to 150 µs, depending on the speed of the flow and camera field of view. The laser and camera were synchronized by software and hardware sold by TSI, Inc. A dual-cavity pulsed Nd:Yag laser ͑Spectra Physics, Mountain View, CA͒ with frequencydoubling crystal illuminated polymer particles ͑Duke Scientific, Palo Alto, CA͒ that are added to the flow. These particles are nominally 10 µm in diameter and are filled with a fluorescent dye that is necessary to discriminate between the light fluoresced by the particles and that scattered from surfaces of the pump ͓31͔.
The seed particles have a specific gravity of 1.05, which is a very good match to the working fluid ͑SG= 1.05͒, and ensured good particle tracking ͓37͔. The delay and jitter between the Q-switch trigger and light emission is Ͻ5 ns, so laser timing is not a significant source of error. Using a fluid with the same index of refraction as the surrounding material is known as "index matching" and is critical to minimize refraction when making quantitative measurements inside small regions with complex curvature. Aqueous salt solutions are often used for index matching of the fluid with the pump housing material ͓38,39͔; however, the high concentrations of salt result in fluid densities higher than blood so that they do not effectively model blood flow through a centrifugal pump ͓32͔. Summaries of index matching fluids included in Durst ͓40͔ and Budwig ͓41͔ do not include any fluids that match the required refractive index of the pump housing and the density and viscosity of blood. Dibutyl phthalate was selected as a working fluid for the current experiments because it meets all of these criteria. At 50°C, the liquid has a viscosity of 5 cp and a specific gravity of 1.05 ͑compared to 3-5 cp and SG= 1.05 for human blood at normal hematocrit levels ͓42͔͒ and an index of refraction of 1.485 ͑as compared to 1.492 for the housing acrylic͒ for the wavelength used ͑532 nm͒. The working fluid was maintained at 50°C±2°C by means of a copper-tubing heat exchanger.
The movement of the impeller blades with respect to fixed geometries such as the cut-water creates the potential for timevarying flows within the exit volute of the pump. In order to remove the effects of the rotor/stator interaction due to the blade passage, measurements within the blade passage and exit volute were made synchronously with respect to the impeller position. A pulse generator ͑Stanford Research Systems, Palo Alto, CA͒ was used to create a controlled delay between the shaft encoder and the PIV system, effectively "freezing" the impeller at any given position.
The position and orientation of the laser sheets ͑and, therefore, measurement planes͒ are shown in Fig. 1 . Three configurations were used to resolve the flow in critical regions of the pump. These are referred to as the inlet elbow, blade passage, and cutwater configurations. In each configuration, the laser sheet was translated normal to the sheet to resolve the two components of measured velocity on a three-dimensional measurement grid.
For the data reduction, an adaptive mesh cross-correlation algorithm created by Scarano and Riethmuller was used to calculate velocities from image pairs ͓43͔. The algorithm returned a twodimensional ͑2D͒ grid of two components of measured velocity for each image pair that was processed. In addition, it recorded a signal-to-noise ratio for each measured velocity vector so that criteria could be applied to insure that only quality measurements were used. During processing, a digital mask was applied to discriminate between areas of the image that are fluid versus solid. The definition of this boundary was straightforward because the intensity of the fluid containing fluorescent particles is much higher than that of the solid material.
All measurements for this work used an initial interrogation window size of 64ϫ 64pixels and two refinement steps. Replacement of nonvalid vectors and some smoothing was used for the intermediate steps. The program applies a weighted 2D moving average to the intermediate velocity fields. The final image interrogation used 16ϫ 16pixel interrogation windows with a 50% overlap, so that the measurement grid spacing was 8 pixels, corresponding to 0.3 to 0.4 mm for the camera field of view used in these experiments. The original image size is 1008ϫ 1008pixel, resulting in an i , j ordered grid that is 124ϫ 124. Vectors with a signal-to-noise ratio of less than 3.0 were removed, without replacement. No smoothing was applied to the final velocity field.
The series of instantaneous velocity fields was processed to determine statistical quantities according to the equations included herein. The instantaneous velocities u of a turbulent flow can be expressed, according to the Reynolds decomposition, as the summation of a steady mean velocity U and a fluctuating velocity u. The magnitude of the mean U and standard deviation uЈ of the instantaneous velocity u are statistical descriptions of the flow and can be found from a set of instantaneous velocity measurements, each made at discreet times, by ensemble averaging ͓44͔. The standard deviation uЈ of the mean velocity U is exactly equal to the root mean square ͑rms͒ of the fluctuating component of velocity u. Fluctuations caused by turbulence and other random or nonrandom processes contribute to the standard deviation uЈ. Without being able to resolve the frequency spectrum of these fluctuations, it is incorrect to characterize these fluctuations as turbulence, so that uЈ is referred to as rms of fluctuating velocity or simply rms throughout.
The Reynolds stress is a symmetric, second-order tensor ͑6 independent terms, 3 normal stresses, and 3 shear stresses͒, of which two normal stresses and one Reynolds shear stress may be calculated from simultaneous measurements of two components of velocity. The magnitude of Reynolds shear stresses is dependent on the coordinate system used to evaluate them. True values of the maximum stresses in the flow, which are particularly important when comparing to values reported to cause blood damage, were calculated according to the method described by Baldwin ͓38͔. These are referred to as the "major Reynolds normal stress" ͑MRNS͒ and "major Reynolds shear stress" ͑MRSS͒ and are defined as the stresses along the principal axes of the stress tensor. Although the full tensor is three-dimensional, the principal axes and corresponding principal shear stress within the twodimensional measurement plane were calculated with the understanding that these were equal to or less than the true value of the three-dimensional principal stress.
Derivative quantities such as the viscous ͑molecular͒ shear stress and the vorticity of the flow field may also be calculated from the spatial derivatives of the velocity field. One component of vorticity and two components of shear stress within the measurement plane are found from spatial derivatives of either the mean or instantaneous flow field.
As the number of samples N approaches infinity, the value of the ensemble average will converge to exactly that of the true mean of the velocity, U, so long as some conditions about the statistical nature of the flow are met ͓45͔. For all measurements shown, 200 instantaneous vector fields ͑N = 200͒ were processed to determine the statistics. A convergence study, which was completed to determine the effect of this limited sample size, led to an uncertainty of ±3% mean speed, ±10% rms, and ±15% MRNS or MRSS ͓46͔.
Results
Inlet. The mean velocity, U, within the inlet is shown in Fig. 2 for flow rates of 3, 6, and 9 L / min along with streamlines. The mean velocity field shows no indications of recirculation or stagnation within the inlet elbow over the range of flow rates shown, 3-9 L / min, with one exception. This is a small region at the nose of the outer curvature of the inlet elbow where the velocities are very low and moving antegrade to the mean flow very near the wall. This region is evident in the streamlines within the elbow center plane ͑left side of Fig. 2͒ and also in other planes of con-stant x ͑not shown͒. The spindle that protrudes up into the inlet elbow evenly divides the flow. The flow is symmetrical with respect to the geometrical plane of symmetry, as is expected. The mean velocity distribution is highest toward the inner curvature of the inlet elbow at all flow rates.
Levels of the rms of fluctuating velocity are significant ͑as high as 20% of the local mean velocity and 15% of the maximum mean velocity in the inlet elbow͒ in a region located midway between the centerline and outer walls, as is shown in Fig. 3 . This is a cylindrically shaped region of high levels of rms near the inlet to the inlet elbow and evolves into a horseshoe shape ͑as viewed in the planes of constant y͒ midway through the inlet elbow. High levels of rms generally occur in areas of gradients of mean velocity, but are not immediately adjacent to the walls. The locations of high levels of rms of fluctuating velocity were the same for all flow rates, with the magnitudes increasing with flow rate.
Although regions of highest rms coincide with regions of highest MRSS, Fig. 3 , the magnitude of rms is not directly proportional to magnitudes of MRSS. For example, the flow field at 9 L / min has an rms of fluctuating speed in the range of 0.17 m / sec near both the inner and outer curvatures. Only a small subset of this area, however, has MRSS levels as high as 35 Pa, whereas the majority of this area has MRSS levels of about 10 Pa.
Everywhere within the pump, the magnitude of viscous shear, as determined from velocity gradients in the measurement plane, is much lower in value than the magnitude of Reynolds stresses ͑indicating that this is a flow dominated by turbulent momentum transfer͒. Values of viscous shear are highest in the boundary layer along the inner and outer curvatures of the inlet elbow. The magnitude of viscous shearing along the inlet walls increases with flow rate and has a maximum value of 5 Pa along the inner wall at a flow rate of 9 L / min.
The fluctuating component of the velocity field u at an instant in time shows the unsteady structures within the flow that are larger than the measurement technique's spatial resolution. This is achieved by subtracting the mean field U i,j from the instantaneous velocity field u i,j Two examples of the instantaneous velocity field ͑at top and labeled a and b͒ are shown along with the fluctuating component corresponding to each ͑bottom͒ at the inlet elbow center plane in Fig. 4 . These measurements correspond to separate instants in time and were selected because they represent the two extremes ͑one with a clearly defined clockwise or counterclockwise circulation͒ of the velocity fluctuations in this region. Contours of speed for both fields are included to help reveal structures within the flow. The instantaneous velocity field ͑Fig. 4͑a͒͒ has a higher than mean velocity along the outer curvature of the inlet elbow and lower than mean velocity along the inner curvature. For field b, positions of high and low velocity are reversed. This "flip-flopping" of the high velocity region to one surface or the other is representative of the fluctuations in the inlet elbow of the pump.
It can be seen from the figure that the fluctuations within the inlet elbow are very large compared to the size of the inlet elbow. The magnitude of fluctuations is as large as 10% of the mean velocity ͑0.15 m / s͒, which agrees with values of the rms of fluctuating speed, presented in Fig. 3 . There is no coherence from one instantaneous measurement to the next, meaning that the frequency of fluctuations is higher than 10 Hz, the sampling rate. This corresponds to structures smaller than ϳ10 cm ͑at 1 m/s mean velocity͒, which is much larger than the diameter of the inlet elbow ͑1.25 cm͒, but similar to the length of the inlet cannula ͑20 cm͒. Based on this and the spatial distributions of fluctuation velocity given in Fig. 4 , the nominal size of the fluctuations may be estimated as being between 1 and 10 cm.
Blade Passage. The mean velocity within the blade passage is shown in Fig. 5 for flow rates of 3, 6, and 9 L / min. For all measurements within the blade passage, the velocity relative to the impeller rotation is shown because this more clearly shows fluid patterns relative to the blades and potential recirculation in this region. For all radii greater than the outer diameter ͑OD͒ of the impeller, the absolute velocity is shown. The location of the impeller OD, shown as a grey line in Fig. 5 , also reveals itself by a sudden change in the direction of fluid streamlines. In reality, the fluid does not make a sudden change in direction here; this high curvature in streamlines and discontinuity in measured speed are artifacts of the interface of the rotating and absolute reference frames selected to display the data. While this transformation of reference frames affects the mean velocity field, it has no effect on the rms and turbulent statistics and a negligible effect on the measurements of viscous shear based on gradients in the flow, except at exactly the impeller OD.
The relative mean flow within the blade passage generally moves radially outward and follows the contour of the blades. The mean velocity field shows a low velocity region on the pressure side of the blade for all flow rates tested. At the lowest flow rate, 3 L / min, the flow is directed inward radially, creating a recirculation region within the blade passage. Similarly, there is a high velocity region on the suction side of the blade at all flow rates, as is typical for centrifugal pumps ͓47͔. The absolute mean speed within the exit volute is highest just at the exit of the blade, but is fairly uniform throughout the volute.
Levels of the rms of fluctuating velocity ͑Fig. 6͒ within the blade passage are substantial ͑0.1-0.6 m / s͒. The highest levels of rms are seen in a region located on the suction side of the blade for all flow rates. At 6 and 9 L / min rms is ϳ0.5 m / s, which corresponds to 40% of the local relative fluid velocity, 20% of the local absolute velocity, and 15% of the maximum absolute velocity seen in the blade passage.
Within the exit volute, the rms of fluctuating velocity is highest within a clearly defined shear layer between the fluid exiting the impeller and fluid within the volute. The angle and depth of penetration of this layer from the trailing edge of the blades into the volute depends on the flow rate, with both angle and depth of penetration increasing with flow rate. At low flow rates, levels of rms within this layer are as high as 0.9 m / s, which is approximately 30% of the local mean. The distributions of MRSS is similar to the distribution of rms; however, the levels of MRSS located in the shear layer between the fluid exiting the impeller and the fluid in the exit volute are higher than those within the blade passage for all flow rates ͑Fig. 6͒. Levels of MRSS are highest for the lowest flow rates because as the flow rate decreases, absolute velocity within the impeller increases and absolute velocity within the volute decreases, increasing shear at the impeller exit. The shape of the shear layer clearly locates the position of the blade wake and penetration of the fluid exiting the blade passage into the exit volute flow.
As was the case for the inlet, levels of viscous shear associated with velocity gradients in the measurement plane are everywhere much lower value than Reynolds stresses. Values of viscous shear are most significant along the outer wall of the exit volute and within the mixing layer just outside of the impeller exit ͑maxi-mum value of approximately 15 Pa͒. The magnitude of viscous stresses along the volute wall increases with flow rate. The magnitude of viscous shear in the mixing layer decreases as a function of flow rate and also has the identical distribution as the Reynolds stress in this region.
An example of the instantaneous velocity field ͑left͒ within the blade passage along with the fluctuating component ͑right͒ at the same instant in time is shown in Fig. 7 . Contours of absolute speed ͑this measurement is made before calculating the velocity relative to the impeller͒ are given for the instantaneous velocity field. The fluctuating velocity field includes contours of vorticity instead of speed, which helps to reveal structures within the flow because a distinct eddy of any given size shows up as a region of either high or low vorticity. The structures revealed within the flow by this method represent the vorticity of the fluctuation velocity at a single instant in time.
The fluctuations within the blade passage and exit volute are much smaller in size than those in the inlet elbow. The size of the largest structures, 2-3 mm, is approximately the same as the blade height. There are no large-scale fluctuations within the blade passage similar to those that were seen in the inlet elbow at any flow rate. The precise location of the structures is random and not correlated from one instantaneous measurement to the next. The general location, however, is correlated with the location of the highest values of rms of fluctuating velocity shown in Fig. 6 . In this region of the pump, small-scale fluctuations contribute to rms. This size structure and the random distribution are more representative of traditional turbulence.
Cutwater. At the design flow rate ͑6 L/min͒, fluid streamlines impact the cutwater with a very small incidence angle, as is the design goal ͑Fig. 8͒. At lower than design flow rates, the streamlines are moving inward radially as they contact the cutwater; at higher than design flow rates, the streamlines move outward radially. For all measured flow rates, the velocity distribution in the throat is skewed toward the outer radius. This continues into the exit diffuser of the pump, where there is a high velocity region on the outer wall and a low velocity region on the inner wall. At the highest flow rate presented, 9 L / min, the flow is separated and a recirculation region exists within the exit diffuser. The threedimensional distribution of velocity also reveals the spiral flow ͑outward radially near the center and inward radially near the walls͒ in the exit volute, which is common to volute flows, but contributes to losses ͓47͔.
Levels of the rms of fluctuating velocity, Fig. 9 , are significant. The locations of high levels of rms are in the region just downstream of the cutwater. This is most pronounced at the highest flow rates, when fluid streamlines are moving radially outward and high levels of rms ͑0.7 m / s, 30% of the local mean velocity͒ exist in the wake of the cutwater. At low flow rates, levels of high rms are located inside the cutwater, due to the streamlines flowing inward radially. In addition to these wakes, there are measurable and fairly uniform levels of rms throughout all of the flow in this region. The magnitude of this background levels of rms were pro- portional to flow rate, as were the mean flow velocities, so that the rms was nearly a constant 15% of the mean velocity for all flow rates between 3 and 9 L / min.
The distribution of MRSS is similar to the distribution of rms, with maximum levels of 300 Pa in the shear layer at the blade exit during 3 L / min and of about 200 Pa in the cutwater wake at 9 L/min ͑Fig. 9͒. In contrast to the distribution of rms, levels of MRSS were not everywhere high; with the majority of the region having MRSS levels less than 30 Pa.
As was true for the other regions of the pump, levels of viscous shear are everywhere much lower than Reynolds stresses. Values of viscous shear are most significant along the outer wall of the exit volute, both just outside and inside the cutwater. The magnitude of viscous stresses along the volute wall increases with flow rate, as would be expected, and reaches a maximum ͑ϳ12 Pa͒ at 9 L/min. Error Analysis. Traditional PIV with a single camera measures only two components of velocity, and is limited to speeds and turbulence properties based only on the in-plane components of velocity. The accuracy and precision of PIV measurements based on digital images have been studied extensively by numerous investigators ͓48,49͔, including techniques to correct or minimize these errors ͓50,51͔. Additionally, there is a continuing effort to develop analysis algorithms for increased accuracy and spatial resolution ͓43,52,53͔.
The instantaneous velocity measurement at a single measurement point contains an error that can be decomposed into a systematic error e bias and a random error e rms Assuming adequate density of seed particles, uncertainty due to random errors is a function of the interrogation window size and the diameter of an individual particle's images. A particle image diameter of 1-3 pixels and 16ϫ 16pixel interrogation window ͑conditions for the current experiment͒ leads to an e rms of 0.06-0.08 pixels ͓54͔. Because of the similarity in density of the particles and fluid and the relatively high viscosity of the fluid, both the settling velocity and transient response of particles to changes in velocity are negligible ͓54͔.
The spatial resolution ͑smallest resolvable scales in the flow͒ of this technique is approximately equal to the size of the interrogation window ͓55͔, which corresponds to approximately 0.5 ϫ 0.5 mm for these experiments. While this reveals the nature of most of the large-scale steady and random structures in the pump, it is significantly larger than the smallest turbulent length scales in the flow.
Due to the low sampling rate ͑10 Hz͒, the technique cannot resolve the frequency spectrum for frequencies higher than 5 Hz according to Shannon's sampling theorem ͓56͔. At a mean velocity of 1 m / s, 5 Hz corresponds to 20 cm structures in the flow, significantly larger than the pump itself. Although the frequency spectrum above 5 Hz cannot be determined, this portion of the spectrum is aliased and does still contribute to the statistics that are summed over the entire spectrum, such as the mean and rms of fluctuating velocity. The maximum frequency fluctuation to which the technique is sensitive is determined by the time separation of the two images, and is approximately 10 4 Hz ͑1/⌬t with ⌬t = 100 ms͒ ͓55͔. Statistical treatment of the fluctuations in the velocity field based on these measurements is sensitive to the frequency range of approximately 0-10 4 Hz. The integral length scales L and Kolmogorov length scales are typically used to characterize the size of the largest and smallest turbulent structures, respectively. The size of the integral length scales is on the order of the geometry of the pump, 2-12 mm, as estimated from Figs. 4, 7, and 9. At 1-3 m / s, this corresponds to 100-500 Hz and is within the sensitivity range of the technique. The estimated size of the Kolmogorov length scales ͑2.5ϫ 10 −5 -1 ϫ 10 −4 m based on balancing production and dissipation according to the method described in Tennekes and Lumley ͓57͔͒ corresponds roughly to a frequency of 1 ϫ 10 4 -1 ϫ 10 5 Hz, which is as much as one order of magnitude above the sensitivity range of the technique.
Several studies have shown that statistical values of turbulent properties are estimated fairly accurately with PIV, even when the size of the interrogation region is only slightly smaller than the integral length scale of the turbulent fluctuations ͓43,58,59͔. Because the majority of turbulent energy is contained in the lowfrequency fluctuations, a statistical characterization of the flow based on measurements in a limited frequency range is effective. It has been shown that spatial resolution of approximately 90 ͑90 times the size of the Kolmogorov scales͒ leads to 65% of the actual turbulence intensity, and similarly 95% of the true value of turbulent kinetic energy is achieved with a resolution of 20 ͓59͔.
Discussion
Unsteadiness in Inlet Elbow. The large-scale ͑low-frequency͒ fluctuations seen in the inlet elbow at constant flow rate may be caused by two effects. First, flow instabilities generated by the inlet cannula or the attachment of the cannula to the ventricle may persist through the length of cannula and into the inlet elbow. Based on the flow rate and inlet diameter, the Reynolds number for the inlet cannula ranges from laminar to transitional ͑1000-3000͒ over a range of flow rates of 3-9 L / min. For the laminar flow case, the cannula length ͑200 mm= 16 dia͒ is not long enough to guarantee fully developed flow at the pump. For a straight pipe, an entry length of 375 mm ͑30 dia͒ would insure fully developed flow ͓60͔, but is an unrealistic boundary condition for this pump. For the implanted condition, the flow into the pump may be significantly less like developed pipe flow than these test conditions because the inlet catheter will be shorter and more curved. A second possible cause of large-scale fluctuations is that rotation of the impeller induces a swirl in the inlet pipe of the pump ͓47͔. While the effects of this on flow in the inlet pipe and resulting blade incidence angles are known for a straight inlet pipe, they are not as clear for a complex geometry like the inlet elbow of this pump ͓47͔. The observed effects may be the result of the combination of upstream ͑inlet and entrance effects͒ and Comparison to Other Studies. Similarly high levels of velocity fluctuations ͑5-40% of local mean velocity in this study͒ at the blade exit or within the volute of a larger pump as measured by LDV have been reported by Flack et al. ͓10͔ . A discussion of these results by Cumptsy is also included in the same publication questioning whether the reported turbulence intensities are actually the results of variance in the flow from some cause other than turbulence. In the experiments of Flack and the measurements in this study, variations at the blade pass and impeller rotational frequency were removed from the measured fluctuations before calculating turbulent intensities. The flow rate in both experiments was monitored to eliminate variations in flow rate as the cause. Levels of turbulence intensity reported by Flack within the blade passage, but near the outer diameter of the impeller are ϳ8% at the design flow and as high as 25% at 40% of the design capacity. This shows both similar magnitudes and the same trend of increased rms of velocity fluctuations at lower than design capacities as is seen in the current measurements in the high shear region of the blade exit.
Reports of measured viscous and Reynolds shear stresses in rotary blood pumps are limited. Asztalos reported viscous shear rates of 9,000-19,000 1 / s ͑viscous stress levels of 27-57 Pa, assuming a viscosity of 3 ϫ 10 −3 N-s/m 2 ͒ in the volute region of a rotary pump ͓28͔, but did not report Reynolds stresses. This is higher than measured viscous stresses in the volute of this pump ͑ϳ15 Pa͒, but significantly lower than measured Reynolds stresses ͑ϳ300 Pa͒.
Yoganathan et al. ͓61͔ reported peak Reynolds stresses between 350-450 Pa using LDV on 13 aortic valve prostheses. Baldwin et al. ͓17͔ reported Reynolds stresses as high as 360 Pa for forward flow and 550 Pa for regurgitant flow through a closing disc valve and later showed that the actual peak stresses were as high as 1000 for very short periods of time ͓19͔. Hot-film anemometry has also been used to measure the Reynolds shear stress downstream of prosthetic valves to be as high as 200 Pa ͓62͔. Overall, the reported Reynolds stresses of 180-450 Pa in valve prostheses correspond to turbulence intensities of approximately 25-50% at the reported axial velocity ͑ϳ1 m / sec͒ and are similar to those measured in this pump ͑maximum 300 Pa Reynolds stress, 40% turbulence intensity͒.
Implications for Blood Damage. The determination of overall qualitative flow patterns is useful in locating regions of pump inefficiency and potential for blood damage, as has been shown in prior studies ͓15,21͔. When combined with considerations of measured stress levels, even better estimations of blood damage may be made. Within this pump, levels of viscous stresses are everywhere below 15 Pa, which is one order of magnitude less than the lowest published laminar stress threshold for cell lysis and below those reported for platelet activation ͓63,64͔. At the design flow rate ͑6 L/min͒, the flow is generally well behaved ͑no recirculation or stagnant flow other than that described in the inlet elbow͒ and Reynolds shear levels are below levels that would be expected to contribute to hemolysis or thrombosis. However, flow at both high ͑9 L/min͒ and low ͑3 L/min͒ flow rates introduces anomalies into the flow such as recirculation, stagnation, and high stress regions that may cause potential problems. These factors were considered in evaluating the flow everywhere within the pump and two regions of the flow path were selected as those with the most potential to cause damage. These are the shear layer at blade exit during low flow conditions and the cutwater separation during high flow conditions. Within both, levels of MRSS, MRNS, and viscous stress are examined here.
At the design and higher flow rates, the velocity gradient at the blade exit is not as pronounced, so stress levels are not very high ͑Fig. 6͒. At lower than design flow rates ͑3 L/min͒, however, a significant gradient exists and is associated with MRSS of ϳ300 Pa. Further, streamlines indicate that a blood particle could stay within the shear layer for an extended period of time. During diastole, the flow rate is low and nearly constant for approximately one half of the heartbeat, so a conservative estimate of the residence time in this high shear region is 0.5 s. The second region of note is the cutwater region. During high flow, significant turbulent stresses ͑MRSS ϳ240 Pa͒ and a recirculation region exits, as shown in Fig. 6 . A conservative estimate of the residence time in this region is 0.5 seconds, approximately the duration of systole.
While the equation given by Giersiepen et al. ͓2͔ would predict Ͼ1% cell lysis at 300 Pa for all exposure times greater than 0.01 s, it should be remembered that this equation is a fit to viscous, not turbulent stresses. With the exception of Sutera ͓65͔, for which the exposure time was 200 s, the lowest published threshold values of Reynolds stresses is 400 Pa reported by Sallam and Hwang ͓66͔. Even this has been reported to be an underestimate of the actual value, so that values of 600-800 Pa are more reasonable ͓67,68͔. Considering this, measured Reynolds stresses of 300 Pa within this pump are not anticipated to induce significant levels of hemolysis. Measurements of hemolysis during animal implant and blood bag tests ͑unpublished͒ also indicate that the pump-induced cell lysis is negligible.
Levels of viscous and turbulent shear stress required for platelet activation are significantly lower than for red cell lysis. Previously stated levels of stress for platelet activation due to viscous stresses were as low as 50 Pa at exposure times of 100 ms ͓69͔. Even considering that the significant stresses in this pump are Reynolds stresses instead of viscous stresses, it is plausible that Reynolds stresses in the range of 300 Pa will have some effect on platelet activation.
The sequence of events required to promote thrombosis is summarized by: ͑i͒ Flow disturbance activates platelets or lyses some red cells. ͑ii͒ Recirculation causes platelet activation to amplify by extended exposure to activated platelets and lysed red cells. ͑iii͒ Reattachment and low wall stresses increase the collisions of suspended particles with the wall, allowing platelets to adhere and the formation of a thrombus ͓69͔. The flow at high flow rates in the cutwater and low flow rates within the blade passage could encourage thrombus formation through this sequence of events. In the cutwater wake, flow passes through a high stress region and then some of the blood is entrained into the recirculation region, creating the potential for thrombus formation at or near the reattachment point. Similarly, the recirculation region on the pressure side of the blade has the potential to accumulate thrombus at low flow rates.
While there are not other obvious recirculation regions within the pump that will lead to the formation of attached thrombus, activated platelets may be released into the blood stream. Activated platelets can adhere to biological surfaces downstream of the pump or adhere to one another to form blood-borne microthromboemboli that would be filtered out of the bloodstream by small vessels in the tissue or organs or potentially clog small peripheral arteries.
In summary, significant levels of hemolysis and attached thrombus are not anticipated within the pump. This is particularly true for pulsatile flow, due to the additional blood washing created by time-varying flow fields ͓34͔. Levels of turbulent shear stress are, however, high enough to initiate platelet activation and the flow field provides transient flow structures that could act to amplify the hemostatic reaction. If this does occur, the small thrombus created within the pump may enter the circulatory system with the potential to cause damage to tissues and organs. The strictest design and analysis criteria for blood damage would be to also limit the releasing of activated platelets into the bloodstream. qualitative characteristics of the flow field and quantitative measurements of speed and stress levels within the pump. The impeller of the prototype used in these experiments was mounted on a shaft instead of suspended by magnetic bearings. Prior to these experiments, a comparison of computational fluid dynamics ͑CFD͒ simulations of the flow in the back clearance gap with and without the rotating shaft and teeth indicated that the shaft and teeth did not affect the flow in the back clearance or in other regions of the pump. Because of the measurements reported here, and earlier flow visualization experiments of recirculation in the inlet elbow and the separation and recirculation zone in the cutwater ͑both CF4b͒, the geometry of the inlet and cutwater were modified in the subsequent iteration of this pump ͑CF4c͒. Additionally, quantitative measurements are essential for the validation and refinement of computational models that are commonly used in the design of these devices.
The design evolution of artificial heart valves is an example of a technology that is more mature than rotary LVADs and has successfully integrated basic numerical, theoretical, and experimental fluid dynamics into the design process in order to create more effective devices ͓70,71͔. These studies have demonstrated several relevant issues. First, regions of high shear stress caused by small clearances in the valves can lead to unacceptable levels of hemolysis ͓72,73͔. Second, turbulent regions of recirculation and stagnation in the flowfield, even if they are only present for part of the pulse cycle, can lead to thrombus formation ͓74,75͔. Third, computational models of the flow field need to be validated and refined with experimental measurements in order to accurately reproduce the necessary details of the flow ͓76,77͔. Finally, design iterations guided by experimental measurements and numerical models can be used to drastically reduce blood damage caused by the high shear stress and recirculation regions surrounding the valves. It is hoped that the current study will contribute to the similar progression in understanding of rotary ventricular assist device fluid mechanics and design that is currently underway.
While the measurements presented herein are for one particular pump, they have some applicability to other rotary LVADs. Specifically, turbulent flow and associated Reynolds stresses are unavoidable, considering required flow rates and relatively small dimensions of an implantable pump. Regions of flow stagnation are unavoidable at the flow cutwater. The high shear region at blade exit is caused by the velocity gradient between fluid exiting the impeller and flow in the exit volute. A sufficiently high absolute velocity at the impeller exit is required to generate the required pressure rise across the pump, so it is expected that similarly high stresses will exist in the shear layers of other pumps. Lastly, the problem of requiring a constant-speed rotary pump to operate over a wide range of flow rates is common to all rotary LVADs that are attached between the left ventricle and aorta. It is essential that the design of the fluid pathway within rotary LVADs must consider flow rates other than the nominal operating point because of this.
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Nomenclature ⌬t ϭ time separation between acquired images u ϭ instantaneous velocity U ϭ time averaged mean velocity u ϭ fluctuating component of velocity uЈ ϭ rms fluctuating velocity, u N ϭ number of instantaneous measurements in a series MRNS ϭ major Reynolds normal stress MRSS ϭ major Reynolds shear stress ϭ absolute or dynamic fluid viscosity
